particularly DDT and dieldrin . Significant pesticide contamination was limited to the soft geologically recent deposits known as younger bay mud. Pesticide concentrations were highest in the Lauritzen Canal, and decreased with increasing distance from the former United Heckathorn Site, clearly indicating that Heckathorn was the source of contamination. An ecological risk assessment at the Heckathorn Site (Lee et al., 1994) reviewed data collected in 1991 and 1992 for contaminant concentrations in marine water, organisms, and sediments. This assessment revealed that DDT and dieldrin contamination, originating from the United Heckathorn Site, was actively transported to offsite areas via surface waters.
Tissue samples from mussels collected near the Lauritzen Canal have been analyzed for DDT and dieldrin in two previous studies. The Heckathorn Ecological Risk Assessment (Lee et al., 1994 ) analyzed tissues from native (i.e., resident) mussels collected from stations of opportunity in 1991 and 1992 in the Lauritzen Canal (ferry rudder and rope NE of ferry), the Santa Fe Channel (boat house float), and Richmond Inner Harbor Channel (red nun buoy #l 6). For the " California State Mussel Watch program, transplanted mussels (Myti/us cdifomiarws) were deployed at four Mussel Watch sites in or adjacent to the United Heckathorn Superfund Site (Santa Fe Channel/Mouth, Santa Fe Channel/End, Lauritzen Canal/End, and Lauritzen Canal/Mouth) (Rasmussen 1995 (ROD 1996) have the following major components: s dredging of all soft bay mud from the Lauritzen Canal and Parr Canal, with offsite disposal of dredged material, " placement of clean material after dredging, 9 construction of a cap around the former Heckathorn facility to prevent erosion, s a deed restriction limiting use of the property at the former Heckathorn facility location to non-residential uses, -" marine monitoring to verify the effectiveness of the remedy.
Remediation levels that would be protective of the environment and human lealth were established to provide benchmarks for determining the effectiveness of the remedial actions.
The Feasibility Study (Lincoff et al., 1994) and the ROD reviewed federal and state environmental laws that contained Applicable or Relevant and Appropriate Requirements (ARARs) for the remedial actions. EPA marine chronic and human health water quality criteria (WQC) were identified as ARARs for surface water. Because the human health standards based on consumption of contaminated fish are lower, these were selected as remedial goals.
No chemical-specific ARARs were identified as remedial goals for marine sediments or tissues at the site.
This report provides the results of the first phase of post-remediation monitoring. The purpose of the marine monitoring is to demonstrate a reduction in flux of contaminants from the United Heckathorn Superfund Site following EPA response actions, including soil removals, dredging, and cap placement at the former Heckathorn facility. The measurement endpoints for this longterm monitoring are mussels and surface waters. Remediation levels set forth in the ROD are provided in Table 1 .1. Marine Sciences Laboratory (MSL) gathered mussels by hand at low tide from rocky intertidal habitat at approximately +1 ft to +3 ft mean lower low water (MLLW). Mussels were collected in nylon mesh bags and were held in coolers for transport. At the EPA Region 9 laboratory, mussels were cleaned gently to remove epiphytes, and sorted to select individuals at approximately 40 mm to 60 mm shell length. Selected mussels were placed in tubular plastic mesh bags, divided into three groups of approximately 20 mussels each, and closed with a plastic cable tie. Mesh bags with transplanted mussels were tied to nylon rope and suspended subtidally at four sampling stations. Initial collection and deployment in the field was completed on the same day, September 3. Nylon ropes were placed inconspicuously to avoid vandalism.
Inner

Tissue and Water Sample Collection and Analysis
A background mussel tissue sample was prepared from the transplant mussel stock on the day of initial deployment (September 3, 1997) . Approximately 45 whole mussels were placed in two layers of ashed aluminum foil, labeled, and packed in a sealed Ziploc bag. The sample was held on ice for transport to the analytical laboratory, then frozen and stored at -20"C until processed with other tissue samples in January 1998. After transplanted mussels had been deployed for 4 months, seawater, transplanted California mussels (M. cdifomkmus), and resident blue mussels (Al. ecfu/k) were collected for analysis.
On January 6, 1998, samples were collected at Richmond Inner Harbor Channel ( Resident blue mussels could have been one of several subspecies or hybrids in the hl. eddis complex that cannot be easily distinguished by the shells alone (Harbo 1997 ). Samples were not collected on January 6 at Lauritzen Canal/Mouth (Station 303.2) because access to the transplanted mussels at this station was blocked by pile driving equipment at the Levin Pier.
Safe access for sampling at Station 303.2 was available the next day, January 7, when samples were collected. Location coordinates presented in Table 2 .1 were recorded for each station using a Global Positioriing System with differential correction (dGPS). Samples were collected at low tide on a calm day with light rain. Ambient water temperature was 12"C. Water and tissue samples were also collected for analysis by the EPA Region 9 laboratory for an interIaboratory comparison. A field sampling summary prepared by EPA Region 9 staff is provided here in Appendix A (Lincoff 1998). Surface water samples were collected approximately 0.3 m below the water surface. To collect a sample, a bottle was submerged, the cap was removed under water to fill, and the cap replaced before the bottle was lifted. At each station, three 2-L water samples were collected for analysis by Battelle MSL. Additional water samples were collected for quality control (i.e., matrix spike, matrix spike duplicate, and blind duplicate water samples). Water samples were chilled to and held at 4°C until extracted. Water salinity was not recorded in the field but was measured in samples at the analytical laboratory. Salinity of all water samples checked pre-extraction was 28%.. Samples from Richmond Inner Harbor Channel and Lauritzen Canal/End were extracted before salinity was measured, and salinity in post-extraction water ranged from 32.5%o to 34%o. Therefore, extraction seems to have altered the water salinity or refractory index to produce anomalous salinity values. Salinity of all water samples was assumed to have been 28%o.
Resident mussels were collected from approximately +1 ft MLLW at Richmond Inner Harbor Channel, Lauritzen Canal/Mouth, and Lauritzen Canal/End. Transplanted mussels had been deployed at approximately -3 ft MLLW at Richmond Inner Harbor Channel and Lauritzen Canal/Mouth, and at -6 ft MLLW at Lauritzen Canal/End. At Santa Fe Channel/End, resident and transplanted mussels were attached to a floating dock, under which resident mussels were within 1 ft of the water surface and transplanted mussels were approximately 8 ft below the water surface. Mussels were cleaned gently in the field and packaged whole in ashed foil and plastic bags, as described above. Mussel samples were held frozen at -20"C until soft tissue samples were processed for analysis. To prepare tissue samples, mussels were partially thawed, the valve or shell length was measured, byssus threads were cut from the tissue, and soft tissues were transferred to a sample jar. Sand and mud on the soft tissue was rinsed off with deionized water. Each tissue sample was comprised of between 35 and 45 individual mussels. The total wet weight of each tissue sample was recorded. Tissue samples were refrozen until extracted.
Chemical analyses followed methods described in the QAPjP (Battelle 1992) . Water and tissues samples were analyzed for chlorinated pesticides. Tissue samples were also analyzed for total lipids. Total DDT was calculated as the sum of detected concentrations for six DDT compounds: 2,4-DDE, 4,4-DDE, 2,4-DDD, 4,4-DDD, 2,4-DDT, and 4,4-DDT. The detection limit was not used in calculation of total DDT. Total DDT, or sum of DDTs, was calculated in the same manner in the California State Mussel Watch program (Rasmussen 1995) and the Ecological Risk Assessment for the United Heckathorn Superfund Site (Lee et al., 1994) .
RESULTS AND DISCUSSION
This section presents the results of physical measurements to assess the size and health of transplanted and resident mussels, and the results of pesticide analysis of water and mussel 
Mussel Size and Health
Mussels collected for tissue samples were of similar size, although some individuals exceeded the preferred size range of 40 to 65 mm (combined ranges from Rasmussen 1995 and Lee et al., 1994) . Raw data for shell length measurements and mean wet weight per mussel is provided in Table 3 .1. Shell length of transplanted California mussels in the background sample ranged from 45 mm to 62 mm (mean = 52 mm). Four months later, California mussels transplanted to the study site were between 44 mm and 66 mm long (mean = 54 mm). Resident mussels collected in January 1998 ranged from 40 mm to 76 mm shell length (mean = 56 mm).
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The overall mean weight of mussels was calculated as the total wet weight of the tissue sample divided by the number of individuals per sample. Mean weights of mussels were 5.28 g for the background sample, and 5.81 g and 5.84 g for transplanted and resident mussels in January 1998, respectively. These data showed that transplanted California mussels grew in both length 1 and weight during the four-month deployment period.
I
The lipid content was similar for the background tissue sample (9.60% dry weight) and transplanted mussel samples collected in January 1998 (range of 8.71 Y. to 10.1 Yo, mean of 9.60% dry weight). This indicated that the deployed transplanted mussels were in good health and that bioaccumulation of contaminants was not likely to have been compromised by poor health, poor water quality, or limited food availability for the deployed organisms. Lipid content of resident mussels was similar to but slightly more variable than that of transplanted mussels, ranging from 6.26% to 10.2% dry weight (mean of 8.99Yo). It should be noted that tissue lipid content is not a definitive indicator of organism health because lipid content in bivalves can vary significantly depending on the availability of food and the bivalve's reproductive cycle.
Water
Triplicate water samples were collected at each site on the same day. These samples provided a "snapshot" of water column concentrations of DDT compounds and dieldrin, but they provided no information about the temporal variability or vertical stratification of these contaminants in the water column. or the variability in water column concentrations to which biomonitoring organisms had been exposed. The absence of evaluation of temporal variability should be considered when these data are compared with results from earlier studies. Pre-remediation water samples collected for the Ecological Risk Assessment (Lee et al., 1994) provided more data on temporal variability because samples were taken over three successive days at two different sampling periods, approximately four months apart.
Water samples were extracted with solvent, and solvent extracts were concentrated to 0,2-mL volume for an overall enhancement factor of approximately 10,000 in an attempt to achieve detection levels below the remediation goals. Recoveries of surrogate compounds were low in 6 of 15 water samples and 4 of 7 quality control samples because of the additional drying steps required to remove residual water, potential loss of portions of samples, and extra evaporation steps necessary to achieve a low final sample volume. All data were corrected using the Given these quality control concerns, the results of water analyses should be considered estimates.
I
Concentrations of DDT and dieldrin measured in 1998 post-remedial water samples are shown in Table 3 .2. Water column concentrations of total DDT and dieldrin were similar in the 1991-1992 pre-rernediation and 1998 post-remediation studies (Table 3. Results of tissue analyses (in wet weight) from transplanted and resident mussels are provided in Table 3 .4.
The 1998 post-remediation data are compared with pre-remediation data in Table 3 .5. Postremediation levels of total DDT were lowest at the Richmond Inner Harbor Channel station, at 127~g/kg in resident mussels and 113~g/kg in transplanted mussels. At the Santa Fe
Channel/End station, total DDT was 256 pg/kg in resident mussels and 613 pg/kg transplanted mussels. At the Lauritzen Canal/Mouth, total DDT was 1222 Kg/kg in resident and 1448~g/kg in transplanted mussels. The highest levels were found in mussels from Lauritzen Canal/End, in which total DDT was 4504 Kg/kg in resident and 3502~g/kg in transplanted mussels. Trends for dieldrin in mussel tissues were similar, with the highest levels at Lauritzen Canal/Mouth and Lauritzen Canal/End (103 pg/kg and 232~g/kg dieldrin; mean of transplanted and resident mussels, respectively) and the lowest levels at the Richmond Inner Harbor Channel station (mean of 8.3~g/kg dieldrin).
Tissue burdens from the Lauritzen Canal stations in this first post-remediation survey remained elevated, at higher levels than pre-remediation tissue burdens (Table 3 .5). Resident mussels within Lauritzen Canal were exposed to suspended sediment during remediation, but the high levels in the transplanted mussels indicated that DDT was bioavailable in the 9 months following remediation as well. In Lauritzen Canal/End mussels, the average post-remediation DDT burden was 1.4 times higher than the pre-remediation (Ecological Risk Assessment) DDT burden. Tissue burdens in stations outside Lauritzen Canal showed an even higher relative difference between post-and pre-remediation levels, with post-remediation Richmond Harbor mussels containing about 3 times as much total DDT as pre-remediation mussels from the same location (Table 3 .5). Richmond Harbor Channel and Santa Fe Channel were deepened between September 1997 and August 1998; mussels at all of the monitoring stations would have been exposed to suspended material during this operation. 
(c) State Mussel Watch program sample from March 1991 (Rasmussen 1995). (d) State Mussel Watch program sample from January 1988 (Rasmussen 1995).
A direct comparison of tissue burdens from different sampling dates can be confounded by differences in lipid content of tissues, because nonpolar organic compounds such as DDT tend to accumulate in fatty tissue. Lipid-normalized values for total DDT and dieldrin, expressed as pg pesticide/kg lipid weight, are provided in Table 3 .6. For mussels collected in Lauritzen Canal, lipid-normalized tissue values confirmed an increase in DDT and dieldrin in mussels in 1998, relative to pre-remediation concentrations. Lipid-normalized tissue values for Santa I
and Richmond Inner Harbor Channels showed slight increases in DDT and dieldrin relative pre-remediation concentrations. Differences in lipid content did not account for the differen dieldrin concentration observed between transplant and resident mussels: lipid-normalized dieldrin concentrations were 1.7 to 4,7 times higher in transplanted mussels than those in resident mussels (Table 3 .6).
Either transplanted or resident mussels appear to be acceptable for biomonitoring at the study site, but the differences between them should be monitored for at least one more year. Potential differences in total body burdens may have arisen from a variety of factors, including the use of different species, lipid content of tissues, duration of exposure, and height in the water column.
Transplanted mussels were M. cdifornianus that had negligible initial DDT contamination and that were exposed for a known time period at the study site (i.e., 4 months). Resident mussels were adult h4. edu/is that occur naturally at the study site, selected at approximately 40 mm to 60 mm shell length, that were likely to have been present before remediation had been completed. At all stations except Santa Fe Channel/End, the relative percent difference (RPD; difference/mean X 100) in total DDT between transplanted and resident tissue burdens in wet weight was 12% to 25°/0. At the Santa Fe Channel/End station, the RPD between resident and transplant tissue burdens was 82% (wet weight basis). Lipidmormalization reduced the apparent variability in tissue DDT burdens: the RPDs for total DDT on a lipid-normalized basis were between O% and 21% at Richmond Inner Harbor and both Lauritzen Canal stations, and 11 0/~at Santa Fe Channel/End. Thus, a portion of the difference between resident and transplanted mussels was attributable to differences in lipid content of tissues. Neither resident nor transplanted mussels were consistently higher or lower in total DDT concentrations.
For dieldrin, RPDs were higher than those for total DDT and ranged from 41 y. to 164% for wet weight data and from 51 YOto 130% for lipid-normalized data. Again, the biggest difference was observed at the Santa Fe Channel/End station. Dieldrin levels in resident mussels were consistently much lower than those in transplanted mussels (Tables 3.4 , 3.5, and 3.6). Analysis of a background tissue sample confirmed that transplanted mussels did not contain significant levels of dieldrin at deployment. Therefore, it appears that transplanted mussels were exposed to higher dieldrin concentrations or were more effective in accumulating dieldrin than were resident mussels. This effect was not demonstrated for total DDT. Observed differences between transplanted and resident mussels also may have been attributable, in part, to height in the water column. At the Santa Fe Channel/End station, where the most significant difference in DDT burden between transplanted and resident mussels was found, mussels were attached to a floating boathouse. Resident and transplanted mussels were consistently at -0.5 ft and -8 ft below the water surface, respectively. The transplanted mussels were deployed at this depth to reduce the probability of vandalism. Transplanted mussels at all other sites were attached to firm substrate at a fixed position. It is not known if attachment to a floating structure at different depths in the water column contributed to differences in bioaccumulation.
In the future, it might be better to deploy mussels ne,arer to resident mussels and at a fixed height in the water column. In addition, sampling resident and transplanted mussels in early 1999 is recommended to provide more data for evaluation of differences in dieldrin uptake by the two types of mussels.
Conclusions
Results from the first post-remediation monitoring indicated that chlorinated pesticides remained in the Lauritzen Canal and in the semi-enclosed waters nearby. Remediation goals for total DDT and dieldrin in water have not yet been achieved for the study site. Biomonitoring indicated that the total DDT concentration in the water was not reduced, and in fact appeared to have increased somewhat, from pre-remediation levels in the first 9 months following remediation.
As noted in the Field Sampling Summary, dredging for a deepening project in the Santa Fe and Richmond Inner Harbor Channels was ongoing since the fall of 1997, throughout most if not all of the time that transplanted mussels were deployed. Dredging operations started in the Santa Fe Channel, near Station 303.4, and was active near Brooks Island and Point Potrero, near Station 303.1, when samples were collected. Dredging activity was likely to have resuspended sediment containing DDT and dieldrin and may have influenced the water column concentration and potential exposure of mussels to these contaminants of concern. Unusual amounts of detritus in the water could also have contributed to elevated surface water measurements that are inconsistent with the mussel tissue results. Further biomonitoring will be important to determine if these data are representative of long-term bioavailability of pesticides from the Lauritzen Canal sediments.
INTRODUCTION
This sampling event involved the collection of mussels and surface water samples from the Lauritzen Channel at the United Heckathom Superfimd Site and at other locations in Richmond Harbor in Richmond, California.
Sampling was performed by Andrew Lincoff and Amy Wagner of the EPA Region 9 Laboratory. Some of the mussels retrieved had been transplanted in September, 1997 with the assistance of Liam Antrim, of the Battelle Marine Sciences Laboratory, EPA's Superfhnd Program contractor.
Sampling was performed in accordance with Battelle's "United Heckathom PostRemediation Field Monitoring Plan" (FSP), dated February 5, 1997, with minor deviations discussed herein. The most significant change was that additional replicate samples were taken for analysis by the EPA Regional Laboratory in order to perform an inter-laboratory comparison to provide additional information regarding the accuracy of the results. The first component of the remedy selected in the ROD called for dredging all "young bay mud" from those charnels in Richmond Harbor which contained average DDT concentrations greater than 590 ppb (dry wt.). The dredging was completed in April, 1997. The short-term monitoring, performed according to EPA's September 5, 1996 FSP, consisted of sediment chemistry monitoring to ensure that the average sediment concentration after dredging was below the cleanup level selected in the ROD. This monitoring was completed shortly prior to the placement of the sand cap in April, 1997.
Long-term monitoring is addressed by Battelle's February 5, 1997 FSP. The purpose of the long-term monitoring is to demonstrate the effectiveness of the remedy. Prior to the remediation, mussels in the. Lauritzen Channel contained the highest levels of DDT and dieldrin in the State, and surface water exceeded EPA's Ambient Water Quality Criteria for L3DT by a factor of 50. Lower but still elevated levels were found in mussels and surface water in the Santa , Fe Channel. It was concluded in EPA's Remedial Investigation that these elevated levels were the result of continuous flux from contaminated sediments. Approximately 98*A of the mass of DDT in sediments in Richmond Harbor was removed by the remedial dredging. The long-term monitoring will demonstrate whether this action has succeeded in reducing the levels of DDT in mussels and surface waters.
Battelle's FSP included monitoring using both transplanted California mussels and resident Bay mussels. The transplanted mussels were deployed in September and retrieved after approximately four months of exposwe. The length of the deployment and seasonal timing were chosen to match the protocol used by the California State Mussel Watch Program, in order to permit comparison with the State's results over the past 15 years. Both transplanted and resident mussels will be analyzed to determine any difference. The results should be comparable. If the resident mussels have higher burdens, it may be due to past exposure. If the results are the same, only resident mussels wilI be collected in the fiture.
Laboratory results are expected from Battelle in approximately one month and will be provided in a report from Battelle in approximately two months. In addition, the EPA Regional Laboratory will perform an inter-laborato~comparison to provide additional information on the accuracy of the analyses. Replicates of the samples taken for analysis by Battelle will be anal yzed by the Regional Laborato~with results expected in late March, 1998.
SA MPLE PLAN AMENDMENTS
The following deviations from the sample plan were made.
1. The FSP called for samples to be analyzed only by EPA's Superfimd contractor, Battelle. In order to investigate the accuracy of the low-level seawater and tissue results, it was the upper Santa Fe Channel at the far western end of a large covered floating marina on the northern side. Seawater, transplanted California Mussels, and resident Bay mussels were collected at each station for analysis by Battelle,and the EPA Regional Laboratory. At each station three 2 liter replicate seawater samples were collected for analysis by Battelle, and two 1 liter replicate seawater samples were coI1ected for EPA. At station 303.4, two additional 2 liter seawater samples were collected for Battelle QA/QC, and two additional 1 liter samples were collected for EPA QA/QC. An additional single 2 liter blind duplicate of seawater sample 303.3 was coliected and shipped to the Battelle Lab with the fictitious station number 303.5.
At each station, approximately 60 transplanted mussels and 60 resident mussels were collected. Approximately 45 of these were sent to Battelle and the remainder (approximately 15) will be analyzed by the EPA Regional Lab. The 45 mussels per sample sent to Battelle is large enough for any sample to be selected by Battelle for laboratory QA/QC. At station 303.2 additional resident mussels were collected so that a total of 27 were retained for the EPA Regional Lab. This sample was designated for EPA mussel QA/QC. The resident mussels were all collected near the surface, which at the collection times and dates was approximately 1 foot above Mean Lower LOWWater (+1 R MLLW) for the samples collected from pilings at stations 303.1, 303.2, and 303.3. At station 303.4, the mussels were collected near the surface from a floating dock. The trmspkmt~mussels were deployed at the following approximate depths: 303.1,.3 R MLLW; 303.2, -3 ft. MLLW, 303.3, -6 R MLLW. At station 303.4 the transplanted m~sels were hung from a floating dock, and were always approximately 8 ft. below sea level. 
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SURROGATES:
Analytical Method Sample extracts were then transferred to cyclohexane and analyzed by capillary-column gas chromatography with electron-capture detection (GC/ECD).
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Range of Recovery
All extractions and analyses were conducted within target holding times: 14 days to extraction, and 40 days to analysis after extraction. Samples were received on 1/9/98 and held at 4"C. 
